While it is well established that plants associating with arbuscular mycorrhizal (AM) and ectomycorrhizal (ECM) fungi cycle carbon (C) and nutrients in distinct ways, we have a limited understanding of whether varying abundance of ECM and AM plants in a stand can provide integrative proxies for key biogeochemical processes.
Introduction
Temperate forests represent one of the largest carbon (C) sinks globally and play a critical role in slowing climate change by removing CO 2 from the atmosphere (Xiao et al., 2008; Pan et al., 2011) . Primary production in forest ecosystems is generally nutrient limited, and plant C investment in mycorrhizal fungi represents the dominant strategy for mitigating nutrient limitation (Smith & Read, 2008; Wallander 1995) . Nearly all temperate forest trees associate with either arbuscular mycorrhizal (AM) or ectomycorrhizal (ECM) fungi to increase their access to nutrients and water , and there is increasing evidence that ECM and AM fungi differ in a suite of traits that may alter soil C and nutrient cycling (Phillips et al., 2013) . Given the importance of plantÀmicrobe interactions in governing C and nutrient cycling on a global scale, an integrated analysis of the ecological linkages among plant functional type, microbial community composition, and soil biogeochemical processes is critical for understanding the effects of above-and belowground feedbacks on ecological function.
Functional variation between AM and ECM fungi may differentially drive soil processes, yielding differences in soil C and nutrient cycling from the stand to ecosystem level. However, the mycorrhizal associations themselves may also respond to these soil processes. ECM fungi can possess broad enzymatic capabilities for mining nutrients, especially nitrogen (N), from soil organic matter (SOM) (Read & Perez-Moreno, 2003) . By contrast, most AM fungi have narrow enzymatic capabilities and benefit plants mostly via phosphorus (P) and inorganic N uptake (Talbot et al., 2008) . Temperate deciduous trees associating with AM and ECM fungi have been shown to differ in a suite of traits including leaf litter chemistry (Cornelissen et al., 2001; Midgley et al., 2015; Lin et al., 2016) and root traits related to nutrient acquisition (Comas & Eissenstat, 2004; Guo et al., 2008; Valverde-Barrantes et al., 2015) . Temperate tree species associating with AM fungi (e.g. maples) often generate relatively labile litter, which can promote fast rates of decomposition and lead to higher concentrations of easily accessible inorganic nutrient forms (Midgley et al., 2015) . ECM-associated tree species (e.g. oaks and hickories) in temperate forests tend to generate more recalcitrant litter and facilitate decomposition of SOM by partitioning more of their C to associated microbes (reviewed in Churchland & Grayston, 2014; Yin et al., 2014) which have the ability to mobilize nutrients locked in complex organic forms (Chalot & Brun, 1998; Talbot et al., 2013) . In AM-dominated stands, the ratio of inorganic to organic N and net nitrification rates were both greater relative to ECMdominated stands (Phillips et al., 2013) . Brzostek et al. (2015) and found little difference in NH þ 4 pools between AM and ECM forests but substantially higher NO À 3 pools in AM relative to ECM soils. Organic forms of P were more available in ECM soils than in AM soils (Rosling et al., 2016) . Increased soil C storage in ECM, relative to AM temperate forest soils, has been reported on a global scale (Averill et al., 2014) . In tropical forests, the ratio of inorganic to organic soil N was strongly influenced by fungal community structure (Waring et al., 2016) and effects of ECM fungi on N cycling facilitated monodominance of ECM tree species in a tropical montane forest (Corrales et al., 2016) . Taken together, the findings of these studies highlight the important role of plantÀsoil feedbacks in driving soil biogeochemical processes at the stand, regional, and ecosystem scales.
Although the composition of aboveground communities clearly influences belowground microbial communities (Wardle et al., 2004) , current ecosystem models lack explicit representations of plantÀmicrobe interactions as a consequence of a lack of scalable conceptual frameworks and the data needed to validate them (discussed in Waring et al., 2013; Brzostek et al., 2016) . Until recently, most research aimed at understanding mycorrhizal contributions to soil C and nutrient cycling has been conducted in disparate biomes (e.g. AM grasslands vs ECM boreal forests) (Smith & Read, 2008) . However, this approach fails to capture systems such as temperate hardwood forests where natural mycorrhizal gradients form at different spatial scales, ranging from stand to watershed to region. Importantly, these gradients also occur at the local scale, where other factors can be held constant so as to isolate the role of mycorrhizal type in shaping biotic interactions and biogeochemical processes.
To assess ecosystem traits across gradients in mycorrhizal association, Phillips et al. (2013) proposed the mycorrhizal associated nutrient economy (MANE) framework, which hypothesized that the abundance of ECM or AM trees in a given plot or stand leads to scalable and predictable differences in soil C cycling and nutrient dynamics. Specifically, the MANE framework predicts that AM stands possess an inorganic nutrient economy whereas ECM stands utilize an organic nutrient economy (Phillips et al., 2013) . Differences in nutrient acquisition strategies may be attributable in part to the greater complexity and slower decomposability of organic material in the ECM stands. This may necessitate a higher investment in fungal biomass and enzyme activity relative to AM stands, potentially contributing to differences in microbial investment in C-vs nutrient-degrading enzymes (i.e. enzyme stoichiometry).
While there has been broad support for the MANE framework in temperate regions (e.g. Averill et al., 2014; Midgley et al., 2015; Rosling et al., 2016) and some support in tropical forests (e.g. Corrales et al., 2016; Waring et al., 2016) , key questions still remain. Previous experiments that examined the effects of the dominant mycorrhizal association on nutrient cycling were conducted in either AM or ECM plots (e.g. Brzostek et al., 2015; Midgley et al., 2015; Rosling et al., 2016) , providing support for patterns in AM-dominated vs ECM-dominated plots, but not across gradients in ECM vs AM dominance. Here, we examined how the dominant mycorrhizal association of different tree species influences microbial biomass and nutrient dynamics across natural gradients of mycorrhizal associations in forests of different age. To evaluate the extent to which ECM trees promote soil microbial systems that possess a greater capability to mine nutrients from SOM compared with those associated with AM trees, we linked microbial biomass measurements with assays of extracellular enzyme activities across three replicate mycorrhizal gradients in Indiana, USA. In accordance with the MANE framework, we hypothesized that fungal biomass and fungal : bacterial (F : B) ratios would increase linearly with increasing abundance of ECM-associated trees and that differences in enzyme stoichiometry would reflect the different level of investment needed to mobilize nutrients in AM vs ECM stands. If fungal biomass, F : B ratios, and enzyme activities scale linearly across natural mycorrhizal gradients as predicted by the MANE framework, knowledge of the mycorrhizal association of different tree species may be a useful tool for predicting effects of changes in tree species distribution on soil biogeochemical processes at larger scales. By linking mycorrhizal association with microbial biomass and function, this work has important implications for improving ecosystem models that predict the impacts of ongoing and future shifts in the abundance of AM and ECM trees resulting from climate change, management, and/or invasive species.
Materials and Methods

Site description
This research was conducted in three temperate hardwood forests in southern Indiana, USA -Griffy Woods (GW), Morgan Monroe State Forest (MMSF), and Lilly-Dickey Woods (LDW). Griffy Woods is a 185-acre research forest within the Griffy Nature Preserve (39°11 0 N, 86°30 0 W), Morgan Monroe State Forest is an AmeriFlux site (39°19 0 N, 86°25 0 W), and Lilly-Dickey is a 550-acre forest (39°14 0 N, 86°13 0 W) in south central Indiana. MMSF and GW have similar stand ages of c. 80 yr whereas the stand age at LDW is substantially older at c. 150 yr. Soils in these forests are unglaciated, silty-loams derived from sandstone, shale, and limestone (United States Department of Agriculture Soil Survey). Mean annual precipitation is 120 cm and mean annual temperature is 11.6°C. These forests are ideal for testing the effects of the dominant mycorrhizal functional type on soil processes because they are well characterized (Phillips et al., 2013; Brzostek et al., 2015) , all sites have similar parent material, climate, and topography, and the lack of gymnosperms eliminates confounding effects of leaf habit. 
New Phytologist
In the spring of 2013, nine plots (15 m 2 ) that varied in the relative abundance of AM and ECM trees were selected from a set of 15 permanent research plots in each forest, creating three replicate mycorrhizal gradients (one full gradient consisting of nine plots in each of the three research forests, with an average of eight trees per plot; Supporting Information Fig. S1 ). Plots used in this study were selected to reflect a natural mycorrhizal gradient in each forest and used to quantify fungal biomass, F : B ratios, enzyme activities, soil pH, and soil C : N. To assess potential differences in enzyme stoichiometry across the gradient, data were collected from all 45 permanent research plots. In each plot, trees were identified to species, diameter at breast height was recorded, and the mycorrhizal association of each tree species was determined (Wang & Qiu, 2006) (Table S1 ). Plots across the gradients were identified as ECM-dominated (≥ 70% ECM-associated tree species by basal area), AM-dominated (≥ 70% AM-associated tree species by basal area), or mixed plots. Tree species in these forests that form associations with AM fungi include red maple (Acer rubrum L.), sugar maple (Acer saccharum Marsh.), white ash (Fraxinus americana L.), tulip poplar (Liriodendron tulipifera L.), black cherry (Prunus serotina Ehrh.), sassafras (Sassafras albidum Nutt.) and slippery elm (Ulmus rubra Muhl.). ECM-associated tree species in these forests include pignut hickory (Carya glabra P.Mill.), shagbark hickory (Carya ovata P.Mill.), American beech (Fagus gradifolia Ehrh.), white oak (Quercus alba L.), chestnut oak (Quercus prinus L.), northern red oak (Quercus rubra L.), and black oak (Quercus velutina Lam.). Common understory plants include Christmas fern (Polystichum acrostichoides Michx.), greenbrier (Smilax rotundifolia L.), leatherwood (Dirca palustris L.), lowbush blueberry (Vaccinium pallidum Ait.), licorice bedstraw (Galium circaezans Michx.), painted sedge (Carex picta Steud.), and spicebush (Lindera benzoin L.), all of which associate with AM fungi or are nonmycorrhizal (with the exception of V. pallidum which associates with ericoid mycorrhiza). There were no N-fixing plants observed in these plots except for one black locust tree (Robinia pseudoacacia L., which associates primarily with AM fungi) located in one plot in Griffy Woods.
Sample collection and processing
In each plot, three replicate soil samples were collected from the top 5 cm of soil in a 12-m 2 internal plot to minimize edge effects. Samples were collected in May, July, September and November 2013 using a 5-cm-diameter stainless steel soil corer. Soil samples collected at each time-point were pooled by plot and sieved through a 2-mm mesh to remove roots and rocks. Approximately 1.75 g of each sample was weighed and dried at 105°C for at least 1 d to calculate dry weight equivalent. Soil samples for ergosterol extraction were freeze-dried, samples for soil C : N and pH analysis were air-dried, and samples for enzyme assays and DNA extraction were stored at À80°C.
Methods for estimating fungal biomass in soil
There are a number of methods to measure fungal biomass in soil (e.g. analysis of ergosterol concentrations, quantitative PCR, and analysis of phospholipid fatty acid (PLFA) concentrations), each of which has advantages and disadvantages (reviewed in Strickland & Rousk, 2010; Wallander et al., 2013) . For example, although Basidiomycota and Ascomycota (group Dikarya, including ECM and saprotrophic fungi) have relatively high concentrations of ergosterol in their cell membranes (e.g. Ekblad et al., 1998) , ergosterol appears to be highly variable, and even absent, in some AM fungal taxa (Olsson et al., 2003) . Because of the challenges inherent in using any single approach, we employed multiple techniques to quantify fungal biomass and F : B ratios in our soil samples. Free and esterified ergosterol concentrations were used to quantify the fungal biomass of Dikarya; quantitative PCR (qPCR) was used to quantify the gene copy number of Dikarya, AM fungi, and bacteria; and phospholipid fatty acid (PLFA) analysis was used to quantify the active biomass of Dikarya, AM fungi, and bacteria on a subset of plots across the mycorrhizal gradients as a means to validate our ergosterol and qPCR results. For an expanded discussion of methodological limitations, please see Methods S1.
Ergosterol quantification
Ergosterol was extracted from 1 g of lyophilized and homogenized soil following the method of Nylund & Wallander (1992) . Free ergosterol (extracted with MeOH) was used as a measure of active fungal biomass and esterified ergosterol (extracted with 10% KOH in MeOH) was used as a measure of fungal biomass (active and inactive biomass of Dikarya) in each sample (Yuan et al., 2007) . After filtering through a 0.45-lm Teflon syringe filter (Millex LCR-4; Millipore, Billerica, MA, USA), 50 ll of each sample was injected into a reverse-phase column (Nova-Pak C18, 3.9 9 150 mm; Waters, Milford, CT, USA) high-performance liquid chromatograph (Waters TM 600 Controller; Waters TM 717 plus Autosampler; Waters TM 996 Photodiode Array Detector), preceded by a guard column (Nova-Pak C18, 3.9 9 22 mm; Waters). The ergosterol peak was detected at 282 nm using a UV detector. Blanks and internal controls were included with each set of extractions and a standard curve was used to calculate ergosterol concentrations.
Quantitative PCR
DNA was extracted from 0.25 g of frozen soil (0-5 cm depth) using a MoBio Powersoil DNA isolation kit (MoBio Laboratories, Carlsbad, CA, USA). DNA extractions were diluted 1 : 20 before PCR to decrease inhibition by soil residuals and avoid template overload and stored at À20°C until analysis. The primer pair 515F/806R (Caporaso et al., 2011) was used to amplify the V4 region of the 16S ribosomal RNA (rRNA) gene to quantify bacterial gene copy number, the primer pair AML1/ AML2 (Lee et al., 2008) was used to amplify the small subunit rRNA gene to quantify AM fungal gene copy number, and the primer pair ITS9/ITS4 (White et al., 1990; Ihrmark et al., 2012) was used to amplify the internal transcribed spacer (ITS) region of the rRNA gene, which predominantly quantifies members of the Dikarya (Basidiomycota and Ascomycota). Details of qPCR methods, thermocycler settings, and controls are given in Methods S2. Results reported are based on the averages of the triplicate reactions in each plate. Because of low amplification of the small subunit rRNA gene using AM-specific primers in qPCR, F : B ratios were calculated as gene copy number of Dikarya (includes ECM and saprotrophic fungi)/gene copy number of bacteria; AM F : B ratios were calculated using data from PLFA analysis.
Phospholipid fatty acid analysis
PLFA assays were performed using established methods (Frosteg ard et al., 1993; DeForest et al., 2012) to estimate the biomass of ECM and saprotrophic fungi (average of 18:2x6 and 18:1x9) (Wallander et al., 2001) , AM fungi (16:1x5) (Olsson et al., 1999; van Diepen et al., 2010) , and bacteria (Zelles, 1999) in a subset of 12 plots spanning mycorrhizal gradients in LDW and GW to validate our ergosterol and qPCR results. Lipids were extracted from 5 g of lyophilized soil and separated into polar and nonpolar fractions using solid-phase chromatography. Polar lipids were converted to fatty acid methyl esters (FAMEs) through methanolysis and separated using an HP GC-FID gas chromatograph (HP6890 series; Agilent Technologies Inc., Santa Clara, CA, USA). Peaks were identified using the Sherlock System (v. 6.1; MIDI Inc., Newark, DE, USA).
Extracellular enzyme activity
The potential activity of four extracellular enzymes -acid phosphatase (AP), associated with phosphate mobilization; b-Nacetylglucosaminidase (NAG), involved in depolymerizing organic N (e.g. from substrates such as chitin and peptidoglycan); polyphenol oxidase (Phenox) and peroxidase (Perox), both associated with lignin degradation -was measured in soil from each plot using established methods (Saiya-Cork et al., 2002) . These enzymes were selected for their involvement in the decomposition of P-, N-and C-containing compounds, respectively (Finzi et al., 2006) . Although the cellulase enzyme b-glucosidase (BG) is often used as a proxy for C release, the activities of the oxidative enzymes assayed here are positively correlated with that of BG, as shown by data collected from hyphal ingrowth bags (buried in the same plots as in the present study; T. Cheeke et al., unpublished; R = 0.32; P = 0.005; n = 74; Fig. S2a ), and from soil (Moores Creek Research and Teaching Preserve, Bloomington, IN, USA) (R = 0.20l P = 0.004; n = 102; M. Midgley, unpublished; Fig. S2b) , and by a recent meta-analysis (R = 0.31; P < 0.05; n = 113; Jian et al., 2016) . Enzyme stoichiometry (mean oxidative enzyme activity/mean NAG or AP activity) was used to determine the relative investment in the decomposition of C-, N-, or P-containing compounds across the full mycorrhizal gradient (45 plots). Potential extracellular enzyme activity is reported as lmol reacted substrate g À1 soil h À1 .
Soil properties
Air-dried soil samples were analyzed for C and N by combustion on a Costech ECS 4010 (Costech Analytical Technologies Inc., Valencia, CA, USA). To determine soil pH, 5 g of dry weight equivalent soil were placed in a 50-ml centrifuge tube with 40 ml of 0.01 M CaCl 2 , shaken for 1 h, and immediately vortexed before each measurement using a bench-top electrode pH meter (VWR, Radnor, PA, USA).
Statistical analyses
Growing season averages (marginal means; May-November) were generated for each plot to remove effects of seasonal variation and missing values before analysis. To test for significant differences in fungal biomass or activities across the mycorrhizal gradient, single linear regressions were performed in which the independent variable was percentage of ECM trees in each plot (by basal area) and dependent variables were: esterified ergosterol, F : B ratio (gene copy number of Dikarya/gene copy number of bacteria, as determined by qPCR), enzyme activities of AP, NAG, Phenox, and Perox, and AM fungal biomass and AM F : B ratios (as determined by PLFA analysis). Differences in enzyme stoichiometry were evaluated across the gradient using single linear regressions with percentage of ECM-associated tree species (by basal area) as the predictor and the mean oxidative enzyme activity (Phenox + Perox) divided by the mean NAG or AP activity (to obtain a ratio of C-to nutrient-degrading activity) as the response variables. To test whether similar patterns would be detected across the respective mycorrhizal gradients of each forest, we used generalized linear models (GLM) with percentage of ECM trees in a plot (by basal area), site (GW, LDW and MMSF), and their interactions as fixed effects and the same response variables as used in the single linear regressions. We validated the GLM results with mixed linear models in which the percentage of ECM trees in a plot (by basal area), site (GW, LDW and MMSF), and their interactions were fixed effects, and random effects were the interactions among site, plot, and percentage of ECM trees in each plot. Because the overall statistical significance of results was consistent between the two models, we present only the results of the GLM here. The means and SEs of the studied variables per site and per mycorrhizal type are provided in Table S2 .
To test the similarity of results obtained using the different technical methods (i.e. analysis of esterified ergosterol concentrations, PLFA analysis, and qPCR), Pearson's correlation tests were performed between fungal biomass (as determined by PLFA analysis) and esterified ergosterol concentrations; and gene copy number of Dikarya ll À1 (as determined by qPCR) and esterified ergosterol concentrations. To test whether similar patterns would be detected across the replicate gradients using these different methods, single linear regressions were performed in which the independent variable was percentage ECM tree species (by basal area) and dependent variables were fungal biomass (as determined by PLFA analysis) and gene copy number of Dikarya ll
À1
(as determined by qPCR).
To evaluate the effect of soil C : N and soil pH (both of which were highly correlated with percentage of ECM trees in a stand) on fungal biomass, single linear regressions were performed using soil C : N and soil pH as predictors and F : B ratios and enzyme activity as the response variables. We then used multiple linear 
Research
New Phytologist regressions and Akaike information criteria (AICs) to determine the best predictor of esterified ergosterol, F : B ratios, and N and P-acquiring enzyme activities (all of which showed significant correlations with % ECM trees in single regression analyses) by assessing the effect of soil C : N, percentage of ECM trees in a plot, and soil pH as possible drivers of microbial community composition and activity. Data were transformed when necessary to improve normality before statistical analyses. Data analyses were performed using SAS v.9.4 (SAS Institute Inc., Cary, NC, USA) and R v.3.1.2 (R Development Core Team, Vienna, Austria).
Results
Effect of dominant mycorrhizal association on fungal biomass
Esterified ergosterol increased linearly with increasing abundance of ECM-associated tree species across the replicate mycorrhizal gradients (R 2 = 0.28; P < 0.01; n = 27 plots; Fig. 1 ). When converted to fungal biomass (Montgomery et al., 2000) , stands dominated by ECM-associated tree species had > 2.5 times more standing fungal biomass of predominantly Dikarya (ECM plot mean (AE SE) = 2.26 AE 0.26 mg fungal biomass g À1 soil) than plots dominated by AM-associated tree species (AM plot mean (AE SE) = 0.86 AE 0.11 mg fungal biomass g À1 soil). Although esterified ergosterol concentrations varied by site (F 1,26 = 3.90; P = 0.04; Fig. 1, inset) , all three forests showed similar patterns across their respective mycorrhizal gradients (gradient 9 site interaction: F 2,26 = 1.10; P = 0.35). Free ergosterol, a biomarker for active fungi, exhibited a marginal linear increase across the mycorrhizal gradient (R 2 = 0.13; P = 0.07; n = 27 plots) but was higher in ECM plots relative to AM plots (mean (AE SE) free ergosterol concentration in ECM plots = 0.78 AE 0.13 lg g À1 soil; mean (AE SE) free ergosterol concentration in AM plots = 0.30 AE 0.08 lg g À1 soil; P < 0.05). Esterified ergosterol concentrations correlated well with 18:2x6 and 18:1x9 (biomarkers for Dikarya) concentrations determined by PLFA analysis and results obtained using qPCR (using primers that amplify predominantly Dikarya) (R = 0.68; P = 0.06; n = 8 and R = 0.56; P = 0.03; n = 27, respectively; Fig. S3a,b) . qPCR showed similar patterns to analysis of esterified ergosterol concentration across the replicate mycorrhizal gradients, with higher gene copy number of Dikarya in plots dominated by ECM-associated tree species (R 2 = 0.49; P < 0.0001; n = 27; Fig. S3c ). The PLFA biomarker for AM fungi (16:1x5) showed that AM fungal biomass decreased linearly with increasing percentage of ECM trees in a subset of plots sampled across the mycorrhizal gradients (R 2 = 0.79; P < 0.001; n = 12; Fig. S4a ).
Effect of dominant mycorrhizal association on F : B ratios
F : B ratios scaled linearly with increasing dominance of ECMassociated trees across the replicate mycorrhizal gradients (R 2 = 0.39; P < 0.001; n = 27; Fig. 2 ). There were no significant differences in F : B ratios among sites (F 2,26 = 0.19; P = 0.83; Fig. 2 , inset) and no site 9 gradient interactions were detected (F 2,26 = 1.87; P = 0.18). High soil C : N and low soil pH correlated with an increasing dominance of ECM-associated tree species (R = 0.59; P = 0.002 and R = À0.73; P < 0.0001, respectively) and consequently F : B ratios also correlated with these soil variables (F : B ratio and soil C : N: R 2 = 0.61; P < 0.001; F : B ratio and soil pH: R 2 = 0.35; P < 0.01; Fig. 3 ). PLFA analysis demonstrated that AM F : B ratios decreased linearly across the mycorrhizal gradient and were lowest in plots dominated by ECM-associated tree species (R 2 = 0.77; P < 0.001; n = 12; Fig. S4b ).
Effect of dominant mycorrhizal association on enzyme activity and enzyme stoichiometry
Enzyme stoichiometry (mean oxidative enzyme activity/mean NAG or AP activity) differed across the mycorrhizal gradient, with a shift in investment from enzymes involved in the decomposition of C-containing compounds in plots dominated by AM tree species to increased investment in enzymes involved in the decomposition of N-and P-containing compounds in plots dominated by ECM tree species (ratio of C : N degrading activity: linearly with increasing abundance of ectomycorrhizal (ECM)-associated tree species in Morgan Monroe State Forest (MMSF; triangles), Griffy Woods (GW; circles), and Lilly-Dickey Woods (LDW; squares), central Indiana, USA (R 2 = 0.28; P < 0.01). The bar graph in the inset shows the seasonal averages AE standard error of the mean (SEM) of esterified ergosterol in plots dominated by ECM-associated tree species, arbuscular mycorrhizal (AM)-associated tree species, and mixed plots. Black symbols and bars indicate forest plots containing ≥ 70% ECM-associated trees; grey symbols and bars indicate mixed AM/ECM plots, and white symbols and bars indicate plots containing ≥ 70% AM-associated trees. All three forests showed similar patterns in esterified ergosterol concentrations across their respective mycorrhizal gradients (gradient 9 site interaction: F 2,26 = 1.10; P = 0.35). Results presented are seasonal averages AE SEM from soil collected from each plot in May, July and September 2013 (n = 27 plots). New Phytologist R 2 = 0.35; P < 0.001; ratio of C : P degrading activity: R 2 = 0.55; P < 0.001; n = 45 plots; Fig. 4 ). Enzyme activity of AP increased linearly with an increasing percentage of ECM trees across the mycorrhizal gradient (R 2 = 0.33; P < 0.01; n = 27; Fig. S5a ) and was nearly two times higher in ECM-dominated stands than in AM-dominated stands (activity of AP in ECM stands = 0.50 AE 0.04 lmol substrate cleaved g À1 soil h À1 ; activity of AP in AM stands = 0.26 AE 0.03 lmol substrate cleaved g À1 soil h À1 ). Enzyme activity of NAG also increased linearly across the mycorrhizal gradient (R 2 = 0.18; P = 0.03; n = 27; Fig. S5b ) and was 1.5 times higher in ECM-dominated soils than in AMdominated soils (NAG activity in ECM stands = 0.16 AE 0.03 lmol substrate cleaved g À1 soil h À1 ; NAG activity in AM-dominated stands = 0.10 AE 0.02 lmol substrate cleaved g À1 soil h À1 ). There were no detectable differences in Perox (R 2 = 0.12; P = 0.08; n = 27) or Phenox (R 2 = 0.03; P = 0.38; n = 27) across the gradient (Fig. S5c,d ). Site and site 9 gradient interactions were not significant sources of variation for any of the enzyme activities assayed here (all P > 0.05).
Potential drivers of esterified ergosterol, F : B ratios, and enzyme activities
Multiple linear regressions and AIC values were used to determine the best predictor of esterified ergosterol, F : B ratios, and enzyme activities of NAG and AP. We found that high soil C : N (which was highly correlated with increasing percentage of ECM trees; R = 0.59; P = 0.002) was the best predictor of AP activity (P < 0.0001), esterified ergosterol (P < 0.001), and F : B ratios (P < 0.0001) in soil. The percentage of ECM trees in a plot was the best predictor of NAG activity (P = 0.02). Soil pH was not a significant predictor of any of the response variables tested (all P > 0.05).
Discussion
Global change is predicted to alter forest tree species composition (Reich et al., 2015) , which may consequently lead to shifts in dominant mycorrhizal association at stand or ecosystem level. Here, we show that the dominant mycorrhizal association of trees alters C and nutrient cycling by selecting for microbial groups with distinct enzyme function. We found strong convergence in Research New Phytologist the degree to which the abundance of AM-and ECM-associated trees influenced fungal biomass and enzyme stoichiometry, as all three forests showed similar patterns across their respective mycorrhizal gradients. ECM plots had over 2.5 times more standing fungal biomass in soil than AM plots, suggesting a potential soil C sink in temperate forests dominated by ECM-associated trees (Orwin et al., 2011; Drigo et al., 2012) . Changes in enzyme stoichiometry across the gradient reflected differences in chemical complexity of SOM in AM vs ECM-dominated tree stands (e.g. Midgley et al., 2015) , with a shift in investment from enzymes involved in the decomposition of C-containing compounds in plots dominated by AM tree species to increased investment in enzymes involved in the decomposition of N-and P-containing compounds in plots dominated by ECM tree species. Taken together, our results demonstrate that tree species shifts that affect the dominant mycorrhizal association can have predictable and scalable impacts on fungal biomass and biogeochemical processes in soil.
Effect of dominant mycorrhizal association on F : B ratios F : B ratios were consistently higher in ECM plots than AM plots across the replicate mycorrhizal gradients in all three forests. These higher F : B ratios were tightly coupled to high soil C : N and low soil pH found in ECM plots, supporting the findings of other studies that reported similar patterns (B a ath & Anderson, 2003; H€ ogberg et al., 2007; Lauber et al., 2008; Fierer et al., 2009; Waring et al., 2013) . Greater fungal biomass of Dikarya (i.e. ECM and saprotrophic fungi) and higher F : B ratios in the ECM plots may partly be explained by the more recalcitrant litter generated by ECM tree species in our forests relative to the AM tree species (Midgley et al., 2015) . The need to mine nutrients from the recalcitrant SOM associated with ECM tree species in our forests may select for fungal (rather than bacterial) dominated soil microbial communities, and thus lead to higher F : B ratios in ECM relative to AM plots. The high morphological diversity of ECM hyphae, the wide range of ECM hyphal exploration types (Agerer, 2001 ) and the slow hyphal turnover rates (Wallander et al., 2004) may also contribute to a greater accumulation of fungal biomass or necromass in soils of ECM-dominated stands relative to AM-dominated stands (Soudzilovskaia et al., 2015) . Differences in F : B ratios across landscapes can have significant impacts on soil C and N cycling both at local and at ecosystem scales, as shown by a recent metaanalysis and theoretical models (Waring et al., 2013) .
Effect of dominant mycorrhizal association on enzyme stoichiometry
By allocating more C to soil, tree species associated with ECM fungi may alleviate C limitation in the rhizosphere, thus selecting for microbial groups that efficiently release limiting nutrients, as evidenced by differences in enzyme stoichiometry in the AM vs ECM plots. There was a clear stoichiometric shift to higher investment in N and P acquisition in ECM plots relative to AM plots and these patterns were consistent across sites. Across the replicate gradients, enzyme activity involved in P and N acquisition increased linearly with increasing percentage of ECM trees. Other studies in this system have shown that N-acquiring enzyme activity appears to be linked to current assimilates delivered to soil via ECM fungi. When C flow to roots was halted by girdling, NAG activity decreased in the rhizosphere of ECM tree species, but not in that of AM tree species . Thus, a shift in tree species composition that leads to changes in the dominant mycorrhizal type can have significant downstream effects on decomposition processes, nutrient cycling, and soil C storage.
Drivers of microbial community composition and enzyme activities
To tease apart potential drivers of variation in microbial biomass composition and enzyme activity in our forest plots, we utilized multiple linear regression and AIC values to better understand the influence of the percentage of ECM trees in each plot, soil C : N, soil pH, and their interactions on ergosterol concentrations, F : B ratios, and extracellular enzyme activities. Using this approach, we found that soil C : N (which was higher in plots dominated by ECM tree species) was the best predictor of esterified ergosterol (i.e. biomass of Dikarya), F : B ratios, and AP activity in soil. These results support the findings of other work suggesting that the fungal communities play an active role in P mobilization in ECM-dominated forest plots (Rosling et al., 2016) . We found that the percentage of ECM trees in a plot was the best predictor of N mineralization, supporting results from a recent girdling experiment showing that roots colonized by ECM fungi may limit N mobilization (Lin et al., 2016) . In contrast with previous studies (e.g. Sinsabaugh et al., 2008) , soil pH was not a good predictor of esterified ergosterol, F : B ratios, or enzyme activity in our forests, possibly because the large differences in soil C : N ratios between our AM and ECM forest plots trumped the influence of soil pH.
Strength of the MANE framework
Our study is novel in that it shows for the first time that fungal biomass, F : B ratios, and enzyme stoichiometry scale linearly with increasing percentage of ECM-associated tree species in temperate forests as predicted by the MANE framework (Phillips et al., 2013) . The present study was conducted across naturally occurring mycorrhizal gradients in three forests of different ages, building upon earlier work showing that P cycling and N cycling differed in ECM vs AM plots within the same ecosystem Rosling et al., 2016) . The strength of the current study is its predictive value -our results suggest that, if soil C : N and/or the percentage of ECM tree species in a given stand, region or ecosystem is known, fungal biomass, F : B ratios, and enzyme activity can be estimated using the MANE framework. Given that it has recently been shown that the relative abundance of ECM and AM tree species in temperate forests can be determined from satellite images using unique spectral signatures of ECM and AM leaves, there is the potential to scale these results across larger regional gradients (Fisher et al., 2016) . While application of the MANE framework may be most appropriate in ecosystems where AM and ECM tree species co-occur, the framework could be applicable in AM-dominated (e.g. tropics) or ECMdominated (boreal) forests if there is sufficient variation in the leaf litter quality among trees in the ecosystem. Further tests of this hypothesis are clearly warranted. Utilizing an integrated framework to understand how the relative abundance of ECM and AM tree species influences soil biogeochemical processes is critical for predicting the effects of range shifts on ecological function.
Impacts of mycorrhizal association on soil C dynamics
There is accumulating evidence that the mycorrhizal association of different tree species (i.e. AM vs ECM) can lead to differences in C allocation (Prescott & Grayston, 2013; Churchland & Grayston, 2014) and C cycling in soil (Soudzilovskaia et al., 2015) . On a global scale, ECM-dominated forests store 70% more C (per unit N) in soil than AM forests (Averill et al., 2014) , and increased standing fungal biomass has been shown to promote C storage in ECM-dominated systems (Clemmensen et al., 2013) . Recalcitrant leaf litter in plots dominated by ECM tree species may contribute to increased soil C storage through resistance to decomposition and/or through selection of fungal (rather than bacterial) dominated soil microbial biomass. Trees that associate with ECM fungi have been shown to allocate more C to the rhizosphere than AM trees (Yin et al., 2014) , although it is unclear whether associating with ECM fungi per se causes trees to deliver more C to the soil than associating with AM fungi (Jones et al., 1998) . The hypothesis that ECM fungi compete for N with saprotrophic fungi, slowing down decomposition (Gadgil & Gadgil, 1975) , has been suggested as a possible explanation for higher accumulation of C in soils in some ECM-dominated forests (see discussion in Averill, 2016; Averill & Hawkes, 2016) . However, we currently have no evidence that differences in soil C storage occur in the AM and ECM plots in our system. It is possible that ECM and AM soils in our forests store similar amounts of C, but that it is distributed differently across the soil profile (e.g. Read & Perez-Moreno, 2003; McGuire & Treseder, 2010) . For example, AM litter in temperate forests degrades relatively quickly, which may lead to increased microbial biomass (and necromass) which becomes chemically bonded to the mineral soil matrix, and is thus better protected from decomposition (e.g. microbial efficiency-matrix stabilization hypothesis; Cotrufo et al., 2013) . Understanding the ecological consequences of variation in F : B ratios and enzyme activities will help to better predict the above-and belowground effects of changes in tree species distribution caused by climate change, anthropogenic disturbance, and/or biological invasions.
Plant-microbial interactions lacking in global models
The current generation of ecosystem models lacks explicit representations of interactions between plants and soil microbes . This omission reflects the lack of both scalable conceptual frameworks that the models can easily assimilate and the data necessary to validate new processes. The data generated here, as well as other empirical evidence in support of the MANE framework, highlight the potential for a significant conceptual step forward in the models that can be made by integrating ecosystem traits dictated by mycorrhizal association. Integrating mycorrhizal traits is critical given that a change in tree species composition that shifts the dominant mycorrhizal type will have significant impacts on soil communities as well as enzyme stoichiometry, as evidenced by our study. Thus, by using a mycorrhizal-driven, trait-based approach, ecosystem models can start to predict the effects of species shifts on soil biogeochemical processes, especially at large spatial scales.
Conclusions
We tested the utility of using the percentage of ECM-associated tree species as a predictor of soil biogeochemical processes in temperate hardwood forests of the USA. We show that F : B ratios and fungal biomass increased linearly with increasing percentage of ECM trees across replicate mycorrhizal gradients in three forests of different ages. Enzyme stoichiometry varied with the mycorrhizal association of each tree species, shifting from investment in enzymes involved in the decomposition of C-containing compounds in AM plots to investment in enzymes involved in the decomposition of N-and P-containing compounds in ECM plots. The percentage of ECM tree species in a stand (by basal area), soil C : N, and soil pH were tightly coupled and played a key role in driving differences in soil fungal biomass and enzyme stoichiometry. Taken together, our data demonstrate that the mycorrhizal association of tree species can be a useful predictor of 
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